We demonstrate the fabrication of polymer solar cells in which both a PEDOT:PSS hole transport and a PCDTBT:PC 71 BM photoactive layer are deposited by spraycasting. Two device geometries are explored, with devices having a pixel area of 165 mm 2 attaining a power conversion efficiency of 3.7%. Surface metrology indicates that the PEDOT:PSS and PCDTBT:PC 71 BM layers have a roughness of 2.57 nm and 1.18 nm over an area of 100 µm 2 . Light beam induced current mapping reveals fluctuations in current generation efficiency over length-scales of ∼2 mm, with the average photocurrent being 75% of its maximum value. C 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4937553] As the energy demands of society increase, new carbon-neutral energy sources are required. Organic photovoltaics (OPVs) are one such energy source, offering the potential of a low-cost, light-weight, and low embodied-energy alternative to conventional solar cells. 1 Most prototype OPV devices are fabricated by spin-coating onto relatively small substrates. While spin-coating is a powerful tool to deposit materials in a controllable and accurate fashion, it is a relatively slow and un-scalable process. For a technology such as OPV to make a transition to commercial manufacture, it is necessary to demonstrate the fabrication of devices using scalable deposition techniques. Several printing and coating techniques have been used in the scale up of OPVs. Printing techniques such as gravure, 2 screen, 3 slot die, 4 and inkjet 5 have all demonstrated compatibility with OPV layers. 6 Of the many roll-to-roll compatible processing methods currently being researched, spray coating is gaining increased attention. This technique combines rapid deposition-speeds and can be used to deposit a variety of functional materials from a range of inks having different physical properties.
Airbrush spray coating has been used to deposit PEDOT:PSS 7 hole transport layers, P3HT:PCBM [8] [9] [10] [11] photoactive layers, and in some cases both layers sequentially. [12] [13] [14] [15] Notably, Park et al. created OPV devices having a size of 12.5 cm 2 and a power conversion efficiency (PCE) of 1.68% from spray cast P3HT:PCBM using Al grids placed throughout the transparent anode. 9 Hoth et al. spray cast both PEDOT:PSS and P3HT:PCBM layers and achieved a PCE of 2.7% from devices having an active area of 0.11 cm 2 . We have previously demonstrated the spray coating of blends of carbazole-based polymers and PCBM as photoactive layers. 16 The resultant devices had comparable efficiency to devices in which the active layer was deposited by spin-casting. Follow-up work demonstrated that both the photoactive layer and a hole-transporting molybdenum oxide hole-transport layer could be deposited by spray-coating, permitting spin-coating to be removed from the device fabrication process. 17 In other work, spray-coating has been used to spray-cast perovskite films with promising efficiencies obtained. In this paper, we explore a limited scale-up of OPVs by ultra-sonic spray-coating, and critically, we present a process that allows us to spray-coat both the polymer fullerene active layer and the PEDOT:PSS hole extracting anode. Using the well-known donor-acceptor polymer poly[N-9
(PCDTBT) and acceptor [6, 6] -phenyl-C71-butyric acid methyl ester (PC 71 BM), we create fully spray-cast devices having an active area of 4 and 165 mm 2 having a PCE of 4.9% and 3.7%, respectively. We discuss the origin for the reduction in PCE on scale-up and comment on the prospects for this technology.
The devices fabricated are based on the conjugated-polymer PCDTBT. This material has a deep HOMO level, resulting in increased stability against oxidation. [19] [20] [21] This is a widely used donor polymer in organic photovoltaics, with reported power conversion efficiencies exceeding 7%. [22] [23] [24] [25] [26] Thin-films of PCDTBT are relatively amorphous and thus solution-based deposition techniques that incorporate relatively rapid drying times are possible without significantly compromising the charge transport properties of the active layer. 27 Figure 1 shows a schematic of the ultrasonic spray coating system used in this work (a PRISM 300 ultrasonic spray coater supplied by Ultrasonic Systems, Inc.). Here, the solution of interest is fed through a tube at a controlled pressure onto a tip vibrating at ultra-sonic frequency. The vibration of the tip breaks the solution into droplets forming a uniform spray mist that is carried onto a surface using a continuous flow of nitrogen, with the size of the droplets determined by the frequency of vibration of the tip and the surface tension of the solution. This process is unlike traditional aerosol spray-coating wherein the droplet size is determined by the pressure of a solution passing through a nozzle. Ultra-sonic spray-coating thus permits control over the volume of solution deposited without altering the size of the droplets that reach the substrate. In the system used, the spray head is attached to a computer-controlled gantry that controls the motion of the head above the surface. The substrates on which the film is deposited are placed on a hotplate to allow the film drying-time to be controlled. The volume of solution that is deposited onto a substrate can be altered by control of the lateral-speed and height of the spray head, together with the gas pressure used to carry the droplets. By optimising parameter space, it is possible to deposit a film having a desired thickness with a single pass of the spray head.
The structure of the devices explored is shown schematically in Figure 2 (a) and is based around the geometry ITO/PEDOT:PSS(30 nm)/PCDTBT:PC 71 BM(55 nm)/Ca(5 nm)/Al(100 nm). In all cases, devices were fabricated onto a glass substrate coated with a pre-patterned ITO anode, with the overlapping pattern of the anode and cathode determining the resultant pixel size. We have explored two different device designs as shown schematically in Figures 2(b) and 2(c). Here, the pixel area ranges from 4 mm 2 (part (b)) to 165 mm 2 (parts (c) and (d)). In each case, the dimensions and area of the different substrates and pixels are detailed in Table I. To fabricate the devices, a PEDOT:PSS solution (AI-4083)was first filtered through a 0.45 µm polyvinylidenedifluoride filter into a pre-cleaned glass vial. This material is supplied in an aqueous dispersion that has a high surface tension and forms droplets having a high initial contact angle of 19.6
• on ITO. For this reason, it was found that AI-4083 could not be spray-cast on ITO without undergoing dewetting. It was found (as shown in the previous reports) that the addition of isopropyl alcohol (IPA) to a PEDOT:PSS solution aids wetting 12 when cast on an ITO surface; however, such films were not found to be particularly uniform. To address this issue, a range of processing additives were explored and it was found that a continuous, uniform film could be formed by spray coating by mixing the AI-4083 with IPA and ethylene glycol (EG) at a solution ratio of 1:8:1. Onto this, a polymer:fullerene active layer was spray-cast from an ink based on a (1:4) blend of PCDTBT:PC 71 BM in chlorobenzene (total solid concentration of 8 mg ml −1 ), with the PCDTBT used being synthesised as reported previously by Yi et al. 28 (M w = 34.6 kDa, PDI = 2.33). A series of spin-cast control devices were also explored. Here, to obtain a film having the desired film thickness, it was necessary to increase the solid concentration of the ink to 25 mg ml −1 . Device preparation commenced by cleaning the ITO substrates via sonication for 5 min successively in sodium hydroxide, Hellmanex, hot deionised water, and IPA with a dunk rinse in hot DI water between the sodium hydroxide and Hellmanex stages. The substrates were then dried using a nitrogen jet and placed on a hot plate for 10 min. Sequential spray coating of both the PEDOT:PSS and PCDTBT:PC 71 BM layers was performed in air onto substrates held at a temperature of 20
• C and 40
• C, respectively, with the spray-head to substrate distance being 65 mm. In the case of the PEDOT:PSS layer, substrates were then transferred to a hotplate held at 120
• C to evaporate the higher boiling point ethylene glycol. Other process conditions were similar to those described in our previous work. 16 The coated substrates were then transferred to a nitrogen-filled glovebox connected to a vacuum evaporation chamber. A 5 nm thick calcium electron transport layer was deposited on the surface of the PCDTBT:PC 71 BM, followed by a 100 nm thick aluminium cathode. After cathode deposition, the devices were removed from the vacuum chamber and encapsulated using a glass slip and UV epoxy resin.
Devices were tested using a Newport 92261A-1000 AM1.5 solar simulator and a Keithley 2400 source meter. The solar simulator power was adjusted to 100 mWcm −2 using a NREL calibrated silicon diode and a shadow mask was used to define the illuminated region. Atomic force microscopy was performed using a Veeco Dimension 3100 operating in tapping mode. The uniformity of the photocurrent generation was explored using light beam induced current (LBIC) mapping. Here, light from a 405 nm (4 mW) laser diode was focused via a 50X Mitutoyo infinity-corrected objective lens to a spot on the OPV surface having a diameter of <5 µm. The OPV was mounted on a computer-controlled xy-stage and moved in a raster pattern with 100 µm steps over the (x,y) plane. The photocurrent was measured using a lock in amplifier and an optical chopper to recover the signal.
In Figure 3 (a), we show an AFM measurement of a PEDOT:PSS film created by spray coating. Image analysis reveals that this film has a root-mean-square (rms) roughness of 2.57 nm and a uniformity of ±12 nm over an area of 100 µm 2 , thus acting as a highly homogeneous and smooth hole-extraction film on which to deposit the photoactive layer. It was found that the inclusion of the EG processing additive resulted in a significant increase in the conductivity of the PEDOT:PSS film, with the electrical conductivity of the spin and spray-cast films being 0.0023 and 4.45 S cm −1 , respectively. This agrees with the previous reports of the use of EG resulting in a reconfiguration of molecular structure in the PEDOT:PSS film and has been proposed as a route to creating an ITO-free electrode. 29 The optical transmittance of the spray-cast PEDOT:PSS film is displayed in the supplementary material ( Figure S1 ). 34 The operational metrics for devices in which both the PEDOT:PSS and active layer were fabricated by spray coating are shown in Table II . Here, data are included for pixels having an active area of both 4 mm 2 and 165 mm 2 . Data are also included recorded from control devices in which both the PEDOT:PSS and active layer were fabricated by spin coating. The JV curves for a typical spray-cast device are plotted in Figure 4 . It can be seen that all devices are characterised by a relatively similar open circuit voltage (V oc ), with the maximum efficiency of the 4 mm 2 active area devices prepared by either spin or spray coating both being 4.9% (within experimental uncertainty). This indicates that spray-coating is an effective method to prepare both the active and hole-extracting layers of an OPV device. Notably however, it can be seen that the short circuit current density and fill factor are reduced in the devices having a pixel area of 165 mm 2 , with a maximum PCE of 3.4% obtained. As V oc is primarily affected by the work function of the electrodes and the donor-acceptor energy difference, 30 such properties are expected to be independent of device area. 31 To understand the origin of the reduced FF, we have measured the resistance of the different uncoated ITO substrates between the centre of the pixel and the anode contact at the substrate edge. It was found that for the small area device, there was an effective series resistance of 29 Ω, a value that increased to 40 Ω for the large area substrates. This 1.4 times increase in resistance occurred as a result of the longer path-length between pixel and contact, being 10 mm and 19 mm in the small and large-area pixel devices, respectively. From our JV curves (data in Table II) , we determine an increase in series resistance between small and large area devices of ∼1.8 times, a value commensurate with our resistance measurements. We, therefore, ascribe the loss in FF to the increased series resistance of the ITO anode, a result in agreement with the literature. 32 We note that such losses can be reduced by the use of metallic grids or bus-bars. 33 Despite this reduced efficiency, such devices have comparable performance to many other reports of spray-cast OPV devices reported in the literature, and critically we believe that these are the largest OPVs yet reported in which the PEDOT:PSS hole transport layer and the photoactive layer are both spray coated.
To investigate the uniformity of current generation across the cell, LBIC maps were recorded from spray-cast devices pixels having an active area of 165 mm 2 . Figure 5 (a) shows a typical LBIC image, with part (b) showing a histogram summarising the distribution of the photocurrent measured across the device. It can be seen that there is some fluctuation in the photocurrent across the device, with the average photocurrent determined being around 75% of the maximum generated current. Analysis of the image indicates that photocurrent fluctuations occur over mm length-scales. Despite the fact that our films are smooth over areas of 100 µm 2 , there is significant inhomogeneity in film thickness over longer length-scales. This conclusion is confirmed in part (c), where we plot a profilometry scan recorded from the surface of a typical spray-cast PCDTBT:PC 70 BM film. Here, fluctuations of around 30 nm are seen over length-scales of ∼2 mm. We speculate that this inhomogeneity results from turbulence in the gas stream during spray-casting.
We have, therefore, investigated the performance of organic photovoltaic cells with spray-cast hole transport and photoactive layers. To obtain a homogeneous film of the hole-transporting polymer PEDOT:PSS, it was found necessary to dilute the PEDOT:PSS solution using the solvent IPA and use the process additive ethylene glycol. Using such a spray-cast anode, the fabrication of OPV devices was demonstrated having a maximum pixel size of 165 mm 2 and a PCE of 3.7%. Our work further demonstrates the feasibility of OPV scale up by spray-coating and indicates that this technique can be used to create relatively efficient devices. We gratefully thank the UK EPSRC for funding this work via research Grant Nos. EP/I028641/1 and EP/J017361/1. N.W.S. thanks the EPSRC for the award of a DTG studentship, and Y.Z. thanks the University of Sheffield for a Ph.D Scholarship.
